Solar occultation spectra obtained with a balloon-borne interferometer have been used to study continuous absorption by N 2 and CO 2 near 2400 cm-' in the lower stratosphere. Synthetic continuum transmittances, calculated from published coefficients for far-wing absorption by CO 2 lines and for pressure-induced absorption by the fundamental band of N 2 , are in fair agreement with the observed stratospheric values. The continuum close to the V3 R-branch band head of CO 2 is sensitive to the CO 2 far-wing line shape. Therefore, given highly accurate knowledge of the N 2 continuum from laboratory data, high-resolution stratospheric spectra provide a sensitive means for in situ testing of various air-broadened CO 2 line shapes at low temperatures.
Introduction
It is well known that tropospheric absorption spectra obtained over long paths in the atmospheric window near 2400 cm-1 are affected by continuous absorption by N 2 and CO 2 .1 Since the optical depth of continuous absorption by both molecules is proportional to the square of atmospheric pressure, the absorption per unit path length will be greatly reduced in the upper atmosphere. However, as pointed out by Farmer and Houghton, 2 appreciable continuous absorption can arise over the long atmospheric paths in a limb-viewing experiment. In this paper we report the measurement of the N 2 + CO 2 continuum in a stratospheric solar spectrum obtained during sunset with a balloon-borne Michelson interferometer. The N 2 and CO 2 continua have different origins.
Absorption by CO 2 arises from the superposition of the extreme wings of many distant lines, primarily those of the intense 113 fundamental band. Absorption coefficients measured at higher frequencies beyond the v 3 R-branch band head are much less than those predicted by a Lorentz profile, 3 -5 and no theory is available at present that can account for the laboratory data. The (1,0) fundamental band of N 2 has its band origin at 2329.9 cm-'. Absorption from this band is very weak for an isolated N 2 molecule, since the transition dipole moment is zero for homonuclear molecules. However, the pressure in the terrestrial atmosphere is sufficient for appreciable pressure-induced absorption to be detectable in IR experiments over long atmospheric paths. Accurate knowledge of the absorption properties of both processes is required for several reasons. Continuum absorption will be present in the CO 2 band proposed for remote sensing of atmospheric temperature from satellites and balloon-borne platforms. 6 -8 For accurate simulation of atmospheric transmittances measured in the 4.3-,um region, it is necessary to use the proper line shape for CO 2 and to account for absorption by the N 2 continuum. 1 in this spectral region, but the extinction can be accurately accounted for by standard photometric reduction procedures. 13, 14 In this paper transmittances derived from measured stratospheric spectra are compared with synthetic values based on a model atmosphere and laboratory absorption coefficients for the N 2 and CO 2 continuum. It is important to examine the quality of the fit as a necessary check on the accuracy of the extrapolation of the laboratory data for both gases to the low temperatures and pressures of the stratosphere. This comparison is particularly important for establishing the temperature-dependence of the air-broadened far-wing C0 2 line shape in the 4.3-yum region, since linewidths in this spectral region have not been measured in the laboratory below room temperature.
Observations
The observational data were obtained with a Michelson interferometer during a balloon flight near Palestine, Tex., 18 May 1976. Several low air-mass solar absorption spectra were recorded prior to sunset, and ten were obtained during sunset from a float altitude of 37 km and at an unapodized resolution of 0.13 cm . Experimental details of the flight and trace gas mixing ratio profiles deduced from the spectra have been published.' 5 Figure 1 is an atmospheric transmittance spectrum in the 2380-2500-cm-' region. The transmittances were calculated from the point-by-point ratio of the amplitudes in a spectrum recorded at a mean solar zenith angle of 94.0° (corresponding to a geometric tangent altitude of 21.8 km) to the values recorded in a high-sun spectrum. This procedure eliminates the variation with wavelength of the solar flux and of the interferometer-filter-detector system. Removal of these effects is essential for measurement of the relatively weak continuous absorption present in this spectral region. The background level of the transmittance spectrum has been normalized to unity near 2610 cm-1 , where continuous absorption is negligible and line absorption is sufficiently small that the background level can be established. We estimate that the transmittances are accurate to -1%. The curves also plotted in Fig. 1 will be discussed in a later section.
From the observational data it can be seen that tel- 6 in aircraft and ground-based spectra.
Ill. Calculations
For comparison with the stratospheric observations, we have calculated the continuous opacity of N 2 and CO 2 at 5-cm-l intervals between 2395 and 2500 cm-' using a multilayered atmospheric model. The pressure and temperature profiles of Farmer et al.1 5 were assumed along with constant volume mixing ratios for CO 2 and N 2 of 0.000325 and 0.781, respectively. Slant paths were computed including the effects of refraction. The continuum calculations were not extended to wave numbers of <2395 cm-' because of the onset of strong absorption by high-J lines of the V3 fundamental band of CO 2 . The strength of the continuum is difficult to determine within the band head because of the strong temperature dependence of the absorption coefficients of these lines. Laboratory measurements 2 2 0 -2 3 indicate that the optical depth of pressure-induced absorption by N 2 is proportional to the square of the density at constant temperature. For a homogeneous atmospheric path of length I the optical depth of N 2 absorption at wave number v can be written
where kv,eff(N 2 ) is the effective absorption coefficient of air (km-l amagat-2 ) for N 2 absorption at wave number v, and p is the atmospheric density in amagats.
In our calculations we have adopted the absorption coefficients presented by Burch et al. 22 in their Fig. 3-3 . These results are based on an extrapolation to 230 K of their measurements at four temperatures between 280 and 457 K. The absorption coefficients have been calculated for an atmospheric path and account for the mixing ratio of N 2 in air (0.781 by volume) and assume that the ratio of the foreign to self-broadened absorption coefficients is 0.95, a value derived for this spectral interval at room temperature. The temperature of the extrapolated coefficients (230 K) is close to the temperature of the lower stratosphere where most of the absorption occurs in the spectrum considered here. Since the extrapolated coefficients do not extend below 2400 cm-, we assume that the absorption coefficient at 230 K is the same at 2395 cm-' as at 2400 cm-1 .
Both the Burch et al. 22 and Shapiro and Gush 2 ' room temperature data indicate that the N 2 absorption coefficients are nearly the same at these two wave numbers.
B.
C02 Absorption
In the literature the sub-Lorentzian absorption coefficient in the distant wing of a CO 2 line has been expressed by an empirical modified Lorentz line shape function S aX(Iv-ol) (2)
where S is the line strength, ae is the Lorentz halfwidth, 1o is the wave number at line center (cm-'), and X is an empirical form factor, which is assumed to be the same for all lines and a function of I| -PoI only. Near the line center both theoretical and laboratory studies indicate that X is close to unity.
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Laboratory data 3 -5 and ground-based and airborne atmospheric transmittance spectral 0 2 6 have been used to deduce the functional form of x(1 -1o) in the 2400-cm-1 region. Since all the laboratory data for this region were obtained at room temperature, it is not known whether x(1 -1101) is truly independent of temperature. In the 7000-cm-1 region the measurements of Burch et al. 4 indicate that the form factor for N 2 -broadened C02 is less at elevated temperatures than at room temperature.
We have calculated CO 2 absorption coefficients with four different N 2 -broadened sub-Lorentzian line shape forms, 3 -5 2 6 a T-0 7 5 dependence of the collisional halfwidths for all lines, 27 and CO 2 line parameters from the most recent update of the AFGL compilation. 2 8 The values of x(I11 -1o) were determined from analytical expressions 3 2 6 or were read from graphs presented by the authors. 4 5 In our computations we have included a total of 10,248 carbon dioxide lines between 2200 and 2450 cm-' with S > 10-26 cm-'/molecule cm-2 at 296 K. The temperature dependence of the line strengths has been calculated from the standard relation 2 9 ; the total internal partition function values of Gray and Young 30 were adopted. Normalization of the line shape function requires S = Sk dv; for lower stratospheric conditions this relation is satisfied to better than 0.1% with all four far-wing line shape functions. As noted by Bernstein et al., 31 most of the absorption beyond the band head at room temperature and reduced temperatures is contributed by the tails of distant lines near the intensity maximum of the R branch of the intense 3 band. and Burch et al. 4 (curve 4 of Fig. 2 ) line shapes. In the region near the C02 band head, the shape of the continuum is dominated by the overlapping far wings of the strong 113 absorption lines and is very sensitive to the sub-Lorentzian line shape assumed in the calculations. Transmittances calculated with the Burch et al. 4 and Susskind and Mo 26 form factors (curves 1 and 2, respectively, in Fig. 1 ) are quite close to the observed values, while the line shapes of Cann et al. 5 and Winters et al. 3 (curves 3 and 4) lead to transmittances that considerably overestimate the absorption in the band head region. It is impossible, however, to determine unambiguously the appropriate C02 form factor from our data at this time without first making the most accurate possible determination of the N 2 absorption coefficients in this region. Laboratory measurements of the N 2 continuum at stratospheric temperatures will make it possible to use high-resolution stratospheric solar-occultation spectra to determine accurately the C02 far-wing line shape in the 4-,um region at low temperature.
V. Comparison with Upper Tropospheric Measurements
Recently Bernstein et al. 3 Their data in the 2390-2500-cm-' region are particularly interesting. As expected, the absorption across the interval decreases with increasing wave number in the 5.48-km altitude spectrum but appears to increase with increasing wave number for the spectra obtained from higher altitudes. The change of the slope across this interval at higher altitudes is not confirmed by our measurements and may have resulted from errors in the removal of the instrumental and solar response functions. We note that the sharp absorption feature observed by Bernstein et al. 3 ' near 4.05 um is a solar line and identify it as Brackett a of atomic hydrogen at 2467.8 cm-'. Ground-based spectra 3 23 3 have led to the same assignment for this line. Several weaker Fraunhofer lines are also present in this spectral region.
VI. Summary
We have presented the first stratospheric measurements of continuous absorption by N 2 and C02 in the atmospheric window near 2400 cm-' The detection and accurate measurement of the wavelength dependence of this continuum between 2400 and 2500 cm-' were made possible by the long-path advantage of a solar occultation experiment and by the capability to remove the wavelength dependence of the instrument response and solar flux by ratioing the amplitudes to those of a high-sun spectrum.
The comparison of these measured transmittances to calculated values, based on laboratory measurements, has shown that while there is fair agreement between observed and calculated values, the wavelength dependence of N 2 absorption coefficients at stratospheric temperatures needs to be measured in the laboratory. If the shape of the N 2 continuum at low temperatures can be determined accurately through laboratory measurements, high-resolution stratospheric solar occultation spectra such as the one we have presented here may then be used to infer air-broadened far-wing C02 line shape in the 3 band head region at low temperatures.
